The optical properties of metallic nano-dots are widely used for various optical, electrical and biomedical devices. In this paper, the optical properties of the ordered gold nano-dots array fabricated with the nano plastic forming are investigated by experiments and the finite-difference-time-domain simulation. The simulation results demonstrate that the transmittance spectra of the ordered gold nano-dots array exhibit a unique light absorption behaviour due to the localized surface plasmon resonance and a clear red shift with increasing the diameter of the nano-dot.
Introduction
Metallic nano-particles (nano-dots) have unique optical properties caused by the localized surface plasmon resonance (LSPR). As shown in Fig.1 , The LSPR is the corrective oscillation of surface electrons in metal nano-dots induced by electric wave of light. Due to the LSPR, enhanced electric field is generated around surface of the nano-dots and strong light absorption is exhibited. Therefore, the metal nano-dots have been of interest for applications in LSPR-based biosensors, plasmonic solar cells, photonic and plasmonic crystals [1] [2] [3] .
Since the LSPR behavior is quite sensitive to size, shape, material and distribution of the nano-dots, precise control of morphology of the nano-dots is important to improve performance of the plasmonic devices. In previous studies, the metal nano-dots have been often fabricated with various lithography techniques [4] [5] . However, this method requires expensive facilities. Although the epitaxial growth method is a effective way to produce small nano-dots array in a short time, it is difficult to control the morphology of the nano-dots.
Recently, we have proposed a new fabrication method of the metal nano-dots array by a combination of the nano plastic forming (NPF) technique which is direct imprinting method and the self-assembly of thin film during high-temperature annealing. With the proposed method, we have already demonstrated that well-ordered gold (Au) nano-dots array can be fabricated efficiently [6] . Also, the size and interparticle distance can be controlled by adjusting the condition of the NPF and the annealing.
In this study, in order to apply the ordered Au nano-dots array made by our proposed method to above-mentioned plasmonic devices, the optical properties of the ordered Au nano-dots array caused by the LSPR are investigated. However, it is difficult to clarify the effects of the morphology of the Au nano-dots array upon the LSPR behavior only by experiments. Therefore, we perform electromagnetic analysis of the ordered Au nano-dots array irradiated with light by using the finite-difference time-domain (FDTD) method [7] [8] . Also, the fabrication and the UV-visible (UV-vis) spectroanalysis of the ordered Au nano-dots array are carried out. In this paper, through numerical simulations, the enhanced electric field around the nano-dot and the effects of size of the nano-dot upon the transmittance spectra are studied.  0 and  0 are dielectric constant and magnetic permeability constant for vacuum, respectively.  () is the frequency-dependent dielectric function.  is angular frequency of the light. Since Au is a dispersive media, that is, the dielectric behavior of Au depends on frequency of the incident light, the following Lorentz-Drude model is employed to describe the measured permittivity of Au over a wide spectrum from visible to near infrared regions accurately [10] .
Here,   is the dielectric constant of Au at infinite frequency,  D and  L are the electron plasma frequencies for the Drude term and the Lorentz term, respectively.  D and  L are the effective collision frequencies, respectively. G L is the pole strength and  is the weighting coefficient.
In order to calculate Eqns. (1) and (2) with Eqn. (3) numerically, the following equations are derived based on the trapezoidal recursive convolution method [11] [12] and Yee's algorism [13] . 
Here, time t is defined as t = nt with the time increment t.   and  n are expressed as follows;
Here, ,  and  are defined as
, respectively. Upper symbol * in Eqn. (6) represents the complex conjugate. In numerical simulation, Eqns. (4) and (5) are solved by the finite difference method.
Experimental method
To evaluate the optical properties of the Au nano-dots array experimentally, we fabricate the ordered Au nano-dots array and perform the UV-vis spectroanalysis. The fabrication process of the ordered Au nano-dots array is shown in Fig.2 . The process consists of coating of Au thin film, surface patterning by the NPF and the annealing. These three processes are explained below.
In this study, we use a quartz glass plate as a substrate. The size of the substrate is 10 mm in width, 12 in length and 1 mm in thickness, respectively. Before the coating, the substrate is cleaned by ultrasonically degreasing in acetone. The Au thin film is deposited with thickness of 5 nm by using a DC spatter coater (IB-3, Eiko Co. Ltd.). The coating process is conducted in Argon atmosphere. The base pressure for the spattering is 10 Pa and the distance between the substrate and the Au target is set to be 35 nm.
Then, the fabrication of surface pattern which characterizes the morphology of the nano-dots array is conducted with the NPF. Figure 3 shows the overall view of the NPF equipment developed by the authors [14] [15] . This equipment has computer controlled X, Y, Z and Tilt stages. Feed resolution of the X, Y and Z stages is 10 nm. A specially designed single crystal diamond tool shown in Fig. 4 is mounted at the top of a load cell on the Z stage. The diamond tool is directly imprinted on the substrate under load control. The edge angle, edge radius and width of the tool are 60 degrees, 50 nm and 1.5 mm, respectively. By controlling movement of the stages and the imprinting load, arbitrary micro pattern can be fabricated on the surface of the quartz glass and the Au film effectively. In this study, to produce ordered Au nano-dots array, lattice-patterned micro-grooves with pitch of 125 nm are fabricated on the surface of the Au coated substrate.
After the deposition of the Au thin film and the NPF, the specimen is annealed in air at 973 K for 10 minutes. Then, the specimen is cooled down to room temperature slowly. After the annealing, size and interpaticle distance of the obtained Au nano-dots array are evaluated by using field-emission scanning electron microscope (FE-SEM).
Furthermore, to measure the transmittance spectra of the obtained Au nano-dots array, the UV-vis spectroscopy is performed with a tungsten halogen lamp as an illumination source and a BAS-SEC2000 spectrometer. In this study, the transmittance spectra are collected over a range of wavelength 350 -1000 nm. Figure 5 shows SEM image of the ordered Au nano-dots array fabricated with our method. As we can see, by fabricating the surface pattern on the surface of Au film with the NPF, well-ordered and uniformly-sized Au nano-dots array is successfully fabricated. The mean diameter and the interparticle distance of the ordered Au nano-dots array are 66 nm and 125 nm, respectively. Figure 6 shows the transmittance spectra of the obtained nano-dots array measured by the UV-vis spectroanalysis. It is clearly found that there is a sharp absorption peak near the wavelength of 540 nm. This result indicates the LSPR is occurred by the Au nano-dots. 
Experimental Results

Simulation Results
To study the enhanced electric field around the Au nano-dot due to the LSPR and the transmittance spectra, we perform two-dimensional FDTD analysis of electromagnetic fields for the ordered Au nano-dots arrays with different diameters. Figure 7 illustrates the simulation model used in this study. We assume a two-dimensional transverse electric (TE) problem. That is, we assume Ez = 0 and the electric fields E x , E y and the magnetic field H z are calculated. The size of computational domain is 1125 × 2500 nm 2 and the domain is meshed with 450 × 1000 finite difference grids. The time increment is determined by the Courant condition as t = 3.7 × 10 -18 s. The Mur's 1st boundary condition is applied for y direction. For x direction, the periodic boundary condition is used to describe periodic array of the Au nano-dots.
In the computational domain, we set air, the quartz glass substrate and the Au nano-dots. The thickness of the substrate is set to be 472.5nm. The shape of the Au nano-dot is assumed to be a hemisphere with interpaticle distance p of 125 nm. In order to calculate the transmittance spectra of the ordered Au nano-dots arrays with different diameters d, we irradiate a Gaussian pulse to the Au nano-dots array from the light source. Then, the transmitted pulse is detected beneath the substrate. The transmittance spectra are obtained from the ratio between the discrete Fourier transforms of the incident pulse and the transmitted pulse.
To describe the frequency-dependent dielectric function of Au, the following parameters are used Figure 8 shows the distribution of electric field |E| around the ordered Au nano-dots array with the same diameter and interparticle distance as that of Fig.5 . It can be seen that when the incident pulse is exposed to the Au nano-dots array, the magnitude of electric field is increased by the LSPR at both sides of the Au nano-dots. From a magnified figure in Fig.8 (c) , magnitude of the enhanced electric field around the Au nano-dots reaches three times as large as that of the incident light. Figure 9 shows the calculated transmittance spectra of the ordered Au nano-dots arrays with different diameters Here, the interparticle distance is fixed at 125 nm. For all cases, unique spectral peaks due to the LSPR can be found in a range of 500 -550 nm wavelength. Also, it is found that the transmittance spectra show a clear red shift and increase of bandwidth as the diameter of the Au nano-dot increases. These results qualitatively agree with the size-dependent transmittance spectra of random Au nano-dots reported in previous studies [16] [17] [18] . The effects of regularity of the Au nano-dots array on the transmittance spectra will be clarified with our experimental and simulation methods in the future.
Conclusion
The optical properties of the ordered Au nano-dots array were investigated by experiments and numerical simulation. To evaluate the optical properties experimentally, the UV-vis spectroanalysis of the ordered Au nano-dots array fabricated with the NPF was conducted. The measured transmittance spectra clearly exhibited the absorption peak caused by the LSPR. Furthermore, we performed electromagnetic analysis of the ordered Au nano-dots array by the FDTD method to clarify the effect of size of the Au nano-dots on the transmittance spectra. The simulated spectra clearly showed a clear red shift with increasing the diameter of the Au nano-dot. We are carrying out further investigations in terms of the effects of regularity of the Au nano-dots array on the optical properties, which will provide important information to apply the ordered Au nano-dots array into high-performance plasmonic devices.
